In the present study, the Plectranthus amboinicus leaf extract was employed for the biosynthesis of ZnO nanoparticles (NPs). Then, a novel electrochemical sensor was fabricated based on the ZnO NPcoated glassy carbon electrode (GCE) and used for the detection of the organic pollutant hydrazine. Our proposed sensor showed high electrocatalytic activity, selectivity, sensitivity, and stability towards the determination of hydrazine. The factors for the high activity sensor include an optimal electronic property, a high charge transfer rate, a high electroactive surface area, along with its nanocrystalline nature.
INTRODUCTION
In recent years, hydrazine has been extensively used in aerospace, military, pharmacological, agricultural, and industrial applications and thus has gained considerable interest [1] . In addition to the application in rocket systems as a fuel, hydrazine has many other utilities, including photographic chemicals, metal film manufacturing, pharmaceutical intermediates, and pesticides. [2, 3] . On the other hand, hydrazine also shows certain toxicity levels and poses harm to the human health, including the irreversible deterioration of the nervous system, creation of blood abnormalities, and brain, liver, and DNA damage [4] [5] [6] . For the determination of the hydrazine concentration, many different routes have been reported, such as spectrophotometry [7] , fluorimetry [8] , potentiometry [9] and chemiluminescence [10] . The electrochemical strategies have been accepted as promising substitutes for hydrazine analysis, which consider the facile and low-cost operating procedures, portability, rapid methodologies, high selectivity, etc. [11] . However, analytical applications still cannot be satisfied by the direct oxidation of hydrazine using a bare electrode because of the high overpotentials and sluggish electrode kinetics [12] . Therefore, many different chemically modified electrodes (CMEs) have been reported and used for the detection of hydrazine [3, [13] [14] [15] [16] [17] [18] [19] [20] , where the oxidation current response can be enhanced and the overpotentials lowered. Despite the desirable catalytic activity of most modifiers to the electro-oxidation of hydrazine, a relatively narrow linear range is usually obtained. Thus, highly conductive modifying material and highly precise and sensitive analytical techniques must be developed for the effective detection of hydrazine [21] [22] [23] [24] .
Compared with the bulk, semiconductor nanoparticles (NPs) are characterized by distinct electronic, photo-electrochemical, chemical, and optical features; thus, their synthesis has been attracting large numbers of researchers in the material science field over the past two decades [25] . One semiconductor, zinc oxide, has a large exciton binding energy of 60 meV and a band gap energy of 3.37 eV. Nanosized ZnO shows distinct electrical and optical properties and has been considered a favourable multitasking metal oxide [26, 27] . Many different applications have been proposed for ZnO, including photocatalysts, photodetectors, photodiodes, piezoelectric transducers, solar cells, UVlight emitting diodes, memory devices, and sensors. [28] [29] [30] [31] . The common synthesis methods of ZnO nanoparticles (ZnO NPs) are as follows: a wet chemical method [32] , a vapour phase process [33] , a hydrothermal technique [34] , and precipitation and sonochemical routes [35, 36] . Unfortunately, these techniques require the use of complex process control, high-cost devices and even toxic chemicals, which necessitates the development of an eco-friendly and facile strategy for the synthesis of ZnO NPs.
A green method for metal or metal oxide NPs formation is characterized by the application of materials such as bacterial, fungi, and plant extracts, which pose no harm to the environment [37] . Sangeetha et al. [38] proposed the use of the leaf extract of Aloe barbadensis miller to synthesize ZnO NPs, where the ZnO NPs showed an average size of 25 -40 nm and a polydispersed property. Jayaseelan et al. [39] used the Aeromonas hydrophila (a reproducible bacteria) as a green reducing and capping agent for the synthesis of ZnO NPs. The results showed that the obtained ZnO NPs had an oval, spherical shape, and the average size was 57.72 nm. In addition, Vanathi et al. [40] presented the synthesis of ZnO NPs using a reducing agent of Eichhornia crassipes (an aquatic weed). Therefore, the use of a natural product for the synthesis of metal oxide nanoparticles is a wise choice, not only to produce large numbers of nanoparticles but also to eliminate the environmental impact.
Plectranthus amboinicus, a tender fleshy perennial plant with an oregano-like flavour and odour, belongs to the Lamiaceae family. Its biogenic synthesis behaviour was studied by Ajitha et al. [41] , where the leaf extract of this plant was used as a reducing agent for the synthesis of Ag NPs. The obtained Ag NPs were found to be highly antimicrobial. The present study reported the state-of-the-art biosynthesis of ZnO NPs with the leaf extract Plectranthus amboinicus as the reducing agent. Then, a series of measurements were carried out for the as-prepared ZnO NPs. In addition, a sensing platform that was constructed based on the ZnO NPs was used for the ultrasensitive detection of hydrazine.
EXPERIMENTS

Materials
Plectranthus amboinicus plants were purchased from a local nursery in Zhejiang province, China and have been taxonomically identified and authenticated by the botanical survey of the Hangzhou botanical garden. Initially, the plectranthus amboinicus leaves were cleaned using doubly distilled water. Following this, 5 g of leaves were washed with water and cut into small pieces. After boiling in water (30 mL) for 15 min, these leaves were left to cool. Afterwards, the collected extract was filtered through a filter paper (Whatman No. 1). Before use, these leaf samples were stored in a refrigerator. Alternatively, methyl red (MR) and zinc nitrate hexahydrate (Zn(NO 3 ) 2 •6H 2 O) were commercially available in Sigma-Aldrich. All other test reagents were of analytical grade and used without further purification.
Biosynthesis of the ZnO NPs
An aqueous solution of zinc nitrate (0.1 M) was synthesized with 30 mL water. This step was followed by the addition of the plectranthus amboinicus leaf extract (10 mL). The obtained mixture was continuously stirred for 240 min at 80°C. After centrifugation, a precipitate with a pale white colour was yielded. The obtained precipitate was then washed using ethanol and water. After annealing in a furnace for 60 min at 200°C, the resulting product (ZnO NPs) was collected.
Electrochemical Measurements
All electrochemical experiments were carried out using a CHI 660D electrochemical workstation in a conventional three-electrode assembly at ambient temperature. A 3.0-mm-diameter glassy carbon electrode (GCE) was polished using alumina slurries (0.5 μm), followed by successive sonication in water, ethanol, and water. The test catalyst ink was synthesized using ethanol, ZnO NPs, and Nafion (5 %). The working electrode was prepared by depositing a certain volume of the obtained ink onto the as-cleaned GCE (loading: 1.27 mg/cm 2 ). Additionally, the reference and counter electrodes were a Ag/AgCl (in saturated KCl) electrode and a Pt coil, respectively. In addition, the test electrolyte was 0.1 m KOH.
RESULTS AND DISCUSSION
Visual observations have confirmed the generation of ZnO NPs during the biosynthesis process. In brief, the colourless ZnNO 3 solution was converted into a pale white solution within ~ 60 min after adding the leaf extract. The reaction lasted for almost 240 min at 80°C, which is a lower value than those reported previously [39, 42, 43] . A UV-vis spectrum (UVS) also provided evidence for the generation of ZnO NPs (Figure 1) . A significant typical absorption peak was observed at 375 nm, corresponding to the biosynthesized ZnO NPs. It can be seen that the formed ZnO NPs showed a slight redshift in the absorption band possible due to the presence of surface biomolecules from the plectranthus amboinicus leaf extract [44] [45] [46] [47] . An EDX spectrum was recorded for the obtained ZnO NPs (Figure 2A ) with corresponding elemental zinc and oxygen signals. In addition to a high intense peak, P showed a minute weak peak, associated with the binding of biomolecules to the obtained ZnO NPs. Additionally, weight percentages of 23.55% and 75.12% were estimated for the oxygen and zinc, respectively. The result indicated that the formed ZnO NPs had a high purity.
The obtained ZnO NPs were also characterized via XRD, as shown in Figure 2B . It can be seen that the as-prepared ZnO NPs exhibited high purity and a crystalline structure. The peaks observed at 31.77°, 34.41°, 36.22°, 47.985°, 56.54°, 63.12° 67.95° and 69.01° were associated with the (100), (002), (101), (102), (110), (103), (112) and (201) reflection lines of hexagonal wurtzite ZnO (JCPDS 36-1451), respectively. No impurity related diffraction peaks were observed, which suggested that the highly pure ZnO NPs could be generated using our developed preparation route. Therefore, the biosynthesis of ZnO NPs using plectranthus amboinicus leaf extract as a reducing agent could be considered a green chemical method compared with other routes [48] [49] [50] [51] [52] . Detailed information was presented on the electrochemical oxidation of hydrazine using the ZnO NPs/GCE. CVs were recorded for hydrazine in a 0.1 M pH 7 PBS solution using the bare GCE and the ZnO NPs/GCE (scan rate: 50 mV/s), as shown in Figure 3 . When using the ZnO NPs/GCE, a sharp and well-defined oxidation peak was observed for the hydrazine. In contrast, an insignificant current response was observed for hydrazine oxidation when using the bare GCE. The ZnO NPs/GCE showed an ~ 11 times higher oxidation peak current than that of the bare GCE. The undesirable voltammetric response observed using the bare GCE can be explained by the slow charge transfer kinetics. The presence of biomolecules from the Plectranthus amboinicus extract absorbed on the formed ZnO NPs could be used for hydrazine absorption during the electrochemical determination. Therefore, the ZnO NP-modified GCE could effectively enhance the charge transfer rate between the electrode and the analyte. In addition, it can be presumed that the ZnO NPs have the potential use as an effective electrocatalyst for the oxidation of hydrazine. The electrocatalytic oxidation of hydrazine at the ZnO NPs/GCE was performed using chronoamperometry in 0.1 M pH 7 PBS. Figure 4A shows the chronoamperograms of the ZnO NPs/GCE towards 50 μM hydrazine at varying potentials. In addition, at the applied potential of 0.78 V, the current response reached the maximum value. As shown in the chronoamperometry of Figure  4B , the current response was sharply increased with an increase in the hydrazine concentration in the electrochemical cell (0.78 V). In addition, the current response recorded at the ZnO NPs/GCE was found to be linearly related to the hydrazine concentration over a range of 20 nM -4000 μM with a detection limit of 0.14 nM. Therefore, for the electrocatalytic oxidation of hydrazine, the ZnO NPs/GCE could be considered an excellent electrode material. The ZnO NPs/GCE sensor is more sensitive and has lower detection limit towards hydrazine than other materials previously reported for hydrazine detection, as given in the Table 1. We further investigated the sensor reproducibility and stability. The reproducibility was studied by fabricating five ZnO NPs/GCEs and recording their current response towards 10 μM hydrazine. For hydrazine, the relative standard deviation (RSD) was calculated to be 2.2%, which suggested a high reproducibility for our developed construction technique. To study the long-term stability, the sensitivity of the sensor to 20 μM hydrazine was investigated for 20 days. The as-prepared sensor was stored in refrigerator, with its sensitivity was analysed at an interval of 0.13 days. For the same hydrazine concentration, the electrode showed almost the same chronoamperometry response with an RSD of 4.7%. Therefore, it can be seen that the developed sensor was highly stable. The sensor selectivity to the electrochemical detection of hydrazine was studied by chronoamperometry experiments with varying interferents. We also tested hydrazine in the tap water. GC-MS was used as a comparison method. The results are presented in Table 2 . It can be seen that the proposed ZnO NPs/GCE can be effectively used for determination of hydrazine in water samples. 
CONCLUSIONS
This report presented the Plectranthus amboinicus involved preparation of ZnO NPs in 300 min at 80°C. Our developed synthesis technique is simple, economically viable, and could be scaled up; therefore, it has an edge on those reported previously. In addition, the results in this study provided some insight into the preparation of metal oxide nanoparticles using Plectranthus amboinicus. Additionally, our proposed ZnO NPs/GCE was employed for the detection of the organic pollutant hydrazine and was found to be highly electrocatalytic, sensitive, selective and stable towards the analysis of hydrazine.
